Epoxy-silica hybrids were produced from a diglycidyl ether of bisphenol-A resin using Jeffamine 230 hardener with a two-step in situ generation of siloxane domains. The siloxane component was obtained by hydrolysis and condensation of a mixture of γ-glycidoxypropyl-trimethoxysilane and tetraethoxysilane, which was added to the epoxy resin after removal of the formed alcohols and water. The morphological structure of the hybrids was examined by TEM, SAXS and WAXS analysis, and confirmation of the identified co-continuity of the constitutive phases for nominal silica contents greater than 18%wt was obtained by TGA and DMA analysis. While the loss modulus was found to increase monotonically over the entire range of siloxane content, the glass transition temperature exhibited a stepwise increase upon reaching the conditions for phase co-continuity. Molecular dynamics simulations were used to produce model structures for silsequioxanes cage-like structures, as main constituents of the siloxane phase. The predicted interdomain distance between the silsequioxane structures was in agreement with the SAXS experimental data.
Introduction
Organic-inorganic hybrids obtained via an in situ generation of nanostructures by the sol-gel method are widely studied due to the unique characteristics resulting from their capability to obtain tailored morphologies of the inorganic phase and as potential matrices for composites and coatings applications Control of the morphological structure of organic polymer-silica hybrids is generally achieved with the use of functionalized trialkoxysilane coupling agents, as a means of producing covalent bonds in the interphase regions of the organic and inorganic domains [Mascia, 2010] .
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In a recent study [Afzal et al., 2011] it was shown that bicontinuous epoxysilica hybrids, obtained with a two-stage procedure, comprising a solvent free hydrolysis step of TEOS and low GOTMS content added to the epoxy resin and cross-linked with a slowly reactive poly(oxypropylene)diamine (Jeffamine D400), will only give rise to a slight increment in the Tg while gross phase separation was experienced at high silica content.
High siloxane content organic-inorganic hybrids based on diglycidyl ether of bisphenol-A (DGEBA) and prehydrolyzed mixtures of tetraethoxysilane (TEOS) and high content of -glycidoxypropyl-trimethoxysilane (GOTMS) have recently been produced and extensively characterized by our research group [Piscitelli, et al., 2013] . The large amounts of SiOH groups as well as glycidoxy-silane coupling agents in the siloxane precursor may more effectively improve the interaction with the organic components forming the crosslinked network without any gross phase separation. However, the results have shown that the use of a highly reactive diamine, such as metaxylylenediamine, (MXDA), as hardener for the epoxy resin prevents the full amount of siloxane species in the precursor from participation in the formation of the resulting siloxane network. The resulting epoxy-silica hybrid acquires Tg values lower than that exhibited by the neat epoxy resin cross-linked with the same hardener and with the same molar ratio.
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In the present work, the authors examine in more detail the relationship between structure -property of these systems using a low reactivity poly(oxypropylene)diamine hardener, known as Jeffamine D230. In particular, the work was focused on systems with high siloxane contents (up to 40%wt), in which the amounts of silane coupling agent (GOTMS) largely exceeds that of the main silica forming component (TEOS), at weight ratio GOTMS/TEOS = 65/35.
In addition to the experimental work, the formation of the nanostructured morphology was simulated by molecular dynamics modeling (MD). Two different atomistic models were used, each constructed to represent the Jeffamine D230 molecule chemically linked to two alkyl silsequioxanes cage-like structures, which were to be formed at high GOTMS contents ].
Experimental section
Materials
Diglycidyl ether of bisphenol-A (DGEBA) resin with epoxide equivalent weight (EEW) equal to 187 g/moleq was supplied by Shell Chemicals. γ-glycidoxypropyltrimethoxysilane (GOTMS) was supplied by GE Advanced Materials. Tetraethoxysilane (TEOS), dibutyltindilaurate (DBTDL) and the polyetheramine hardener, Jeffamine D230 with an amine equivalent weight of 54.83 g/eq, were purchased by Sigma Aldrich. Distilled water and 2-propanol
were used as solvents for the hydrolysis and condensation reactions of the siloxane precursors. All chemicals were used as received.
Methods
Synthesis of epoxy-siloxane hybrids
A solution mixture in 2-propanol of GOTMS and TEOS at 1 contained in the mixture. The epoxy hybrid precursor mixture was cooled to room temperature and then the hardener Jeffamine D230 was added in stoichiometric amount with respect to the total epoxy content. The mixture was poured in an aluminium container and cured at 80°C for 4h, followed by a postcure step at 180°C for 12 hours. These harsh thermal curing conditions were M A N U S C R I P T A C C E P T E D values were the sum of the amount produced from both GOTMS and TEOS,
whereas the values of RSiO 1.5 for the total siloxane content was obtained taking into account the contribution from the organic segment, where R is the glycidoxy propyl chain between silicon atoms and the link to the Jeffamine hardener. 
Characterization Techniques
Fourier transform infrared (FT-IR) spectra were collected in transmission mode over the range 400-4000 cm -1 with a resolution equal to 4 cm -1 (FTIR, Nicolet).
The FT-IR spectra were acquired by depositing a thin film on a KBr disk of the sample examined, both the uncured pristine resin and the hybrid mixture. The reduction of epoxide groups, resulting from the crosslinking reaction with the amine hardener, was monitored in real time both during curing at 80°C for 4h, and in the post-cure step at 180°C for 12 hours.
The conversion degree (α) of epoxide groups was calculated from the equation The absorbance at 1509 cm -1 , assigned to the stretching of aromatic CH groups, was used as the internal reference.
Simultaneous wide-and small-angle X-ray scattering analyses (WAXS and SAXS), for both fully cured and uncured hybrid epoxy samples, were conducted using an Anton Paar SAXSess camera equipped with a 2D imaging plate detector. CuKα X-Rays with 1.5418Å wavelength were generated by a Philips PW3830 sealed tube source (40kV, 50mA) and slit collimated. All scattering data were corrected for background and normalized for the primary beam intensity. In order to remove the inelastic scattering from the data, the SAXS profiles were additionally corrected for both Porod constant and desmearing effect.
Solid-state 29 Si-NMR spectroscopy ( 29 Si-CPMAS-NMR) measurements were performed on the cured hybrid samples using a Bruker AV-300 apparatus.
NMR spectra were obtained from 12500 scans using the following parameters: Dynamic-mechanical measurements were performed with a DMA Q800 (TA Instruments) using tensile deformation mode on specimens (7mm wide and 0.5 mm thick) at a grip separation distance of 15 mm. The specimens were heated M A N U S C R I P T
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Results and discussion
In a previous paper [Piscitelli et al., 2013] , it was shown that the siloxane component in the "sol" precursor mixture prepared from TEOS and GOTMS at the weight ratio 35:65, immediately after the pre-hydrolysis step at 60°C for 4h,
consists of large quantities of T 1 , along with varying amounts of T 0 , T 2 and T 3 species derived from GOTMS, as well as large quantities of Q 0 species and small amounts of Q 1 species derived from TEOS. These data indicate that the inorganic precursor is only slightly condensed just before mixing with the epoxy resin and, therefore, very rich in Si-OH groups.
In Figure 1a and 1b are shown respectively the FT-IR spectra collected for the pristine epoxy sample during the curing cycle and the conversion degree calculated from the decrease of epoxy peak centred at 916 cm -1 with increasing reaction time accordingly to the Eq 1 and Eq. 2 for pristine and hybrid samples.
For sake of brevity are not reported FTIR spectra for hybrid samples. In the SAXS region of the spectra in Figure 3 , at q values below 3 nm -1 , the scattering intensity changes according to the siloxane content. Specifically, I(q) exhibits the typical Guinier behaviour at low siloxane contents, respectively EpSi7-Je and Ep-Si12-Je systems, whereas an overlapped peak is present at 2. work. However, due to the presence of Q 3 and Q 4 species and considering the low amount of silica derived from TEOS with respect to the overall siloxane content (see Table 1 ), alongside the silsequioxanes structures as RSiO 3/2 one cannot exclude the formation of both mixed silsequioxanes structures as The SAXS spectra for the Ep-Si12-Je hybrid (Fig. 4a) show that the characteristic Guinier knee shape, which was already present in samples at the These model systems have been used to simulate the events during curing at 80°C, which correspond to the appearance of the correlation peak. From MD calculations it was found that the average distance between two neighboring nanostructures is equal to 3.1 nm, for x = 3 and 2.8 nm for x = 2 (where x is the number of oxypropylene units present in Jeffamine monomer), when two cages nanostructures are connected by a head-tail junction. Therefore, the average value of 2.9 nm was taken as the representative interdomain spacing for headtail structures. Conversely, when two cages are bound through the same -NH 2 group (via a head-head junction), the average distance between two neighboring cages is estimated to be equal to 1.8 nm.
In Figure 5 are shown snapshots extracted from the MD calculations for systems where x = 3. In particular, Figure 5a shows two cage-like structures bonded through a head-tail junction, while the structure in Figure 5b corresponds to systems with a head-head junction. Furthermore, the TEM images in Figure 6 reveal the presence of a uniform morphology for both Ep-Si7-Je and Ep-Si22-Je samples. Figure 6 is also reported the TEM image of pristine epoxy sample.
In order to confirm the phase co-continuity of the siloxane domains for the EpSi22-Je hybrid, thin samples (0.5 mm) were subjected to a stepwise thermal oxidative degradation process. The samples were first placed in an oven for 45
hours at 300°C and then maintained at 400°C for further 45 hours. Since the residue had achieved a constant weight under these conditions it can be presumed that complete ablation of the species has occurred in the epoxide regions residing between the siloxane domains. Figure 7 shows the images of a hybrid sample just after pyrolysis of the organic matter, which clearly reveal that the siloxane residue is much closer to a three-dimensional structure than to powder aggregates (see Figure 7b and c)). 
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It should be noted that such a difference in the morphology of the siloxane domains at the two extremes of silica contents is already evident from the data in Table 1 . These show that there is a larger discrepancy between the theoretical and experimental silica contents for systems with the lower siloxane contents, which can be attributed the greater loss of silica domains in the gas phase, due to their presence as nanoparticles in the sample.
The thermograms obtained in an oxygen atmosphere ( Figure 8 ) show that at temperature higher than 500°C the thermal oxidative stability of the siloxaneepoxy hybrid materials is in all cases greater than that exhibited by the pristine epoxy resin. 
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In the rubbery plateau region of the spectra the high siloxane systems, Ep-Si18-Je and Ep-Si22-Je, show a very large increase in the modulus relative to the pristine epoxy system (about 20-fold), which can be associated with the highly efficient reinforcement provided by the inorganic network within the cocontinuous siloxane domains. Accordingly, the large increase in the storage modulus is accompanied by a large reduction of the loss factor tanδ (inset graph of Figure 9 ) and a large increase in T g (see Table 2 ). Moreover, it is noted that value of T g exhibits a sharp rise at equivalent silica contents greater than 12 wt%, which is associated with the threshold conditions for the formation of cocontinuous phases.
In Table 2 is reported a summary of relevant data extracted from the mechanical spectra. 
In examining the data in Table 2 Table 1 ). In these systems the T g is attributed to the relaxation of a well-defined macromolecular segment consisting of siloxanecage nanostructures connected by Jeffamine in the head-tail junction and thus it becomes independent on the epoxy resin content.
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Conclusions
In this work it was demonstrated that, through a suitable choice of functionalized siloxane precursor monomers and reaction conditions, it is possible to produce epoxy-silica hybrids whose morphology consists of well- 
